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1. Introduction

Measuring the strength and thickness of soil layers is often performed using a hand-
operated Dynamic Cone Penetrometer (DCP). The conventional DCP, shown in
Fig. 1a, consists of two 16-mm diameter rods coupled to the anvil. The lower
(driven) rod, having a pointed tip, is driven into the soil by dropping the sliding
hammer, located on the upper rod, onto the anvil. The penetrating depth per impact
may then be correlated to soil strength parameters such as the California Bearing
Ratio (CBR). In order to perform the soil strength measurements in a more time-
efficient manner, the Army desires an automated DCP (ADCP) system.
Furthermore, the driven rod and impulse applied must be similar to that of the
conventional equipment and test standard® to maintain compatibility with existing
survey data.

Fig. 1b shows the cross-section of the concept mechanism used in this assessment
of the power requirements of an ADCP. A stepper motor is used to raise the hammer
and compress a spring. The spring stores the energy needed to drive the rod and
reduces the overall height of the system.

(a) ﬁ (b)

o =11

26in

[“E|—— Driven Rod

ble
39.4in.

Fig.1  Diagrams of the a) conventional and b) automated dynamic cone penetrometer

To achieve the required kinetic energy of 45 J, the 8-kg hammer must have a
velocity of 3.4 m/s upon impact with the anvil. At this speed, compact stepper
motors produce very little output power. In fact, all electromagnetic actuators
experience diminished force (or torque) as their armature or rotor speed increases
due to the generated back-electromotive force (EMF). In this analysis, we require
the motor to produce high power at low shaft speeds to compress the spring. Once



the spring is compressed, the motor is de-energized and the hammer accelerates
toward the anvil. Energy is transferred from the spring until the hammer reaches
the spring’s free length. From that point, the hammer is accelerated by gravity only.
This approach can also accommodate the testing of weaker materials by allowing
the user to vary the compression distance and, subsequently, hammer energy.

2. System Description

There are many design tradeoffs to consider in the selection of the major system
components—power source, hammer mass, motor, and spring. In general, we
would like the power source to provide a high voltage so that the impact of back-
EMF and power loss in the windings are minimized. Increased torque at high speeds
will allow the spring to be compressed more quickly and for the strike rate to be
increased.

2.1 Power Source

In this analysis, the power source is based on the BA5590 high capacity battery
produced by SAFT. This battery is configured, as shown in Fig. 2, as two groups
of cells each with a nominal voltage of 15 V, and having a thermal cut-off switch
and 3 A fuse. Also, integrated diodes prevent current from being injected into the
batteries. In pulsed power applications, the fuse, diode, and thermal switch will
limit the peak and average power delivered by the battery. The performance
characteristics of the BC5590-HC are shown in Fig. 3. We limit the minimum
operating temperature to 0 °C; therefore, each cell group is rated for 13 V at
6 A-h capacity with a maximum current of 2.5 A. The power sources shown in
Table 1 are considered assuming the maximum number of batteries used during
operation is 4 and by changing the group configuration.
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Table 1 Battery pack configurations using the BA5590HC battery

Number Cell arou Output | Maximum Capacit
of Confi %rat?on voltage current (X-h )y
batteries g V) (A)
4 4-series, 2-parallel 52 5 12
3 3-series, 2-parallel 39 5 12
2 2-series, 2-parallel 26 5 12
4 2-series, 4-parallel 26 10 24

2.2 Hammer Mass

In order to reduce the transportation weight of the ADCP system, the use of native
materials for the hammer mass may be desired. Table 2 lists the densities of some
common materials.? For a target hammer mass of 8 kg, approximately 6.5 L of clay
would be needed, necessitating that a container of this volume be integrated into
the system. To minimize the system volume, the design presented in this analysis
does not use native materials. The hammer, comprised of a striking head and drive
shaft, is made of steel.

Table 2 Density of selected native materials that could be used for the hammer mass

Material kg/liter kg/m? Ibs/ft3
sand 1.52 1520 95
sandy loam 1.44 1440 90
loam 1.36 1360 85
silt loam 1.28 1280 80
clay loam 1.28 1280 80
clay 1.2 1200 75
amphibolite 2.9 2900 181
dolomite 2.8 2800 175
gneiss 2.7 2700 169
limestone 2 2000 125
marble 2.7 2700 169
schist 3 3000 187
shale 2.3 2300 144
slate 2.7 2700 169
pyrite 5 5000 312
lead 11.3 11300 705
steel 7.8 7800 487




2.3 Motor

The Kollmorgen KM-Series of high-torque stepper motors spans a holding torque
(7) range of 0.5 to 30 N-m and includes a variety of winding configurations.* These
are 2- or 4-phase motors and have a resolution of 200 steps per revolution. From a
power density perspective, we would like to use a 2-phase motor (bipolar drive)
and, from a performance perspective, a higher voltage, lower current machine. The
maximum source current of 5 or 10 A must be divided equally between the phases;
therefore, we are limited to a maximum phase current of 2.5 or 5 A. To estimate
the required torque, we round the required impact energy to 50 J and estimate a
spring constant (k) of 5000 N-m. Since the energy stored in the spring is ¥kx?, the
spring force, (k-x) is calculated to be 707 N. For a drive gear radius of 12.7 mm, we
get an estimated torque of 9 N-m; a range of 10 to 15 N-m will be used.

Based on the current and torque estimates, the subset of K33-motors appears to be
a good choice and is packaged as shown in Fig. 4. Within the K33 family, there are
18 different winding configurations. Of these, 6 have a maximum rated current of
2-3 A, with model K33xxLK-L having the lowest winding inductance, and model
K33xxLM-L having the lowest inductance among the 5-A-rated motors. In the
following analysis, the dynamic performance of these motors will be assessed.

— 15.6cm

5.4kg
Fig.4 K33 stepper motor candidate in the standard NEMA 34 package

3. Analyses

Analysis of the mechanical system begins with the calculation of the forces acting

on the hammer. Figure 5 shows a diagram of the hammer and anvil with the distance
variables needed for the calculations.
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Fig.5  Analytical geometry of the automated DCP

To discharge the spring, the stepper motor is de-energized and the hammer
accelerates towards the anvil under the influence of three entities—gravity, the
spring, and the rotational inertia of the motor and gear. There are other frictional
forces present, but these are not considered. In the fully charged position, the
hammer is subjected to the greatest force, which creates a very large angular
acceleration of the rotor once the hammer is released. During this time, the torque
generated by the rotor (and gear) are high and tend to decrease the magnitude of the
force directed toward the anvil. The total discharging force (F) is expressed as

a
F=md=mg+k(Al—x)—]7

where m is the mass of the hammer, a is the average linear acceleration, g is the
gravitational acceleration, k is the spring constant, Al is the maximum spring
compression distance, x is the present compression location, J is the rotor inertia, o
is the rotor angular acceleration, and r is the gear radius.

By converting the angular acceleration to linear acceleration and letting f =1 +
J », the total force may be rewritten as
mr

F _mg + k(Al —x)
ﬁ )
Once the hammer travels past the spring’s free length (L), the spring force is zero
and total force becomes

0<x<Al

F=—,Al<x<H
B



Because the force is not constant while the hammer is moving under the influence
of the spring, the calculation of the energy gained is not trivial. Therefore, the work
performed by the external forces is estimated by

W = —AFAx
where AF is the incremental change in force (decreasing during discharge) for an
incremental change in the distance traveled (Ax). Now, using the conservation of
energy, the hammer velocity (v) is given by

’ZW
v= |—
m

During charging, the spring is compressed a pre-defined distance of Al under
relatively low accelerating forces and, therefore, the rotational inertia of the
electromagnetic system is not considered significant. The motor must generate a
torque that counters gravity and the spring at a shaft speed (S) that allows an
acceptable impact rate of approximately 1 Hz.

The motor’s drive electronics must limit the phase currents in accordance with the
battery’s capability by adjusting the electrical stepping frequency. This drive
frequency and Ax are used to calculate the spring compression time. The discharge
time is approximately an order of magnitude smaller than the charge time.

Unfortunately, the manufacturer does not provide the torque vs. phase current (1)
characteristics of most of the candidate motors. So, the K33-xxHM motor’s curve
was normalized and scaled to the motors of interest by using their maximum
holding torque and phase current. The estimated characteristics of 4 winding
configurations (EJ, LM, LK, and LJ) are given in Fig. 6 and are influenced,
primarily, by the number of turns per winding. (The first letter of the 2-letter
winding designation denotes bi-polar series (L), bi-polar parallel (H), or unipolar
(E) operation, while the second letter denotes the winding’s electrical specification.
In the following discussion, the LK winding will be referred to as the K-winding,
for example, because the operational mode is implied.) Because we are using a low
voltage power source with low current capability, we focus our investigation on
windings with a high number of turns and that are series-connected. One
disadvantage, however, is that these windings have relatively high inductance and,
therefore, will have limited high-speed performance.
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Fig.6  Estimated relationships between the phase current and torque for several K33
family winding types

Fig. 7 is based on circuit simulations of the phase current (I) using the
manufacturer’s winding inductance and resistance values. A bipolar, square wave
drive signal of several amplitudes (26, 39, and 52 V) and multiple frequencies were
used to obtain the root-mean-squared phase currents. Each half-cycle of the applied
voltage waveform corresponds to one rotational step, while there are 200 steps per
revolution. A back-EMF source was not included in the simulation model because
the specifics of each winding configuration was not available. However, a
calculation was made of a fourth winding (not considered for this application)
whose data was available. In this case, the torque was reduced by 8% at 2000 steps/s
and 1% at 400 steps/s. Therefore, the phase current vs. shaft speed (I-S) curves of
Fig. 7 should give a good estimate for our calculations.
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Fig. 7  Simulated motor speed for an applied phase current for K33 winding types J, M,
and K

Now that we have the =I and £S relationships, the energy required to compress the
spring may be estimated. The average energy needed by the motor during a time
interval of the compression process is given as
_ PAt
E —_— — O e— _—
n n nv
where V is the source voltage, n is the drive efficiency, and v is the average linear
velocity of the hammer which may be calculated from

— 2nr\ &
i 7=(3)S
where S is the average shaft speed over the time interval of interest.

The motor drive electronics and control algorithm have an impact on the overall
system efficiency. At this point, system efficiency is not known. Based on our
literature survey, drive efficiency varies between 30% and 70%, and is a function
of S. In this analysis, n was assigned a value of 0.3 for S < ~300 steps/s and 0.6 for
S >~1000 steps/s.

The electromechanical relationships presented were incorporated into a spreadsheet
designed to estimate the energy required to execute a charge-discharge event and
the time needed to charge the spring. The spreadsheet is used by adjusting m, k, and
Al such that the maximum phase current is not exceeded and the compression
distance is minimized. If the compression and drop distances are to be equal, then



the hammer must attain 45 J over this distance. Otherwise, the drop distance may
be larger than the compression distance and additional energy be gained by
gravitational acceleration. Selected copies of the spreadsheet are included in
Appendix A for 52, 39, and 26-V operation.

Fig. 8 shows the dependence of Ax and k on m for a maximum phase current of
2.5 A and gear diameter of 31.75 mm. These parameters were adjusted so that the
compression distance and drop distance were equal. Note that over a change of
5 kg, the drop height changes by only 4 cm and the spring constant changes by
approximately 12% over the same range. In terms of operational performance, Fig.
9 shows the dependence of the battery lifetime and charging time on the hammer
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“ 5800 - 0.1

4 5 6 7 8 9 10 11
Hammer mass (kg)

Fig.8  The influence of hammer mass on the spring compression distance and spring
constant based on a maximum motor current of 2.5 A per phase, gear diameter of 31.75 mm,
and equal compression and drop distances
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Fig. 9  The number of impacts delivered per battery pack and charging time as a function

of hammer mass based on a maximum motor current of 2.5 A per phase, gear diameter of
31.75 mm, and equal compression and drop distances

Table 3 is an expanded version of Table 1 in which the compression time and
number of impacts per battery are added. In all cases, the hammer mass is 8 kg. By
increasing the battery voltage, the compression time is reduced and the energy per
impact is reduced.

Table3  Automated DCP performance comparison
Number . . . Impacts /
Cell group Output Maximum Capacity | Compression

of Configuration voltage (V) current (A) (A-hr) time (s) battery
batteries pack

4 4-series, 2-parallel 52 5 12 0.42 6684

3 3-series, 2-parallel 39 5 12 0.56 4967

2 2-series, 2-parallel 26 5 12 0.67 2599

4 2-series, 4-parallel 26 10 24 0.67 5199

4. Conclusion

Based on this analysis, an automated DCP system using the conventional 16-mm
diameter rod is feasible and has an estimated weight of 25 kg (not including
batteries and rod). To complete the DCP surveys described by Gregory Fischer®
using the concept ADCP, 13,024 hammer impacts are needed for a site with a CBR
of 100, and 10,649 impacts are needed for one with a CBR of 80. We estimate that

11



eight BA5590 batteries would be needed to complete one survey for either of these
cases. At an impact rate of 1 Hz, the 100 CBR survey would take 3.6 h of operating
time. As previously stated, the overall system efficiency and, therefore, thermal
limitations, are not precisely known at this time. Although capable of 1-Hz
operation, the system may have to be operated at lower impact rates to prevent
overheating.

The analysis of the automated DCP is based on the conventional hammer-anvil
mechanism, wherein the details of the impulse are not needed. If specifics of the
force-time profile become available, a follow-on analysis could be made of an
electromagnetic impulse generator that emulates the conventional system.

12
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91

hammer mass Bkg 168) Charging energy
gear radus 0.0158m Beta 110 0.42s Compressiontimre
drop height 0118m me 78.48
compression length .,_ﬁm 401W Avg.charging power
Spring consant B6450N/m waveform modiier is
motor inertia 4 00E-04 kgm~2
Battery energy 312Whr
battery capacity G Ahr 1,123,200Joules
battery voltage 52V
Blows/banery pack 6,684
Total | Toral Total | Stored Motor |Max. motor L Drive | Electrical
Distance| Force Work | Velocity |Ang. acel Force*® | Energy | Torque | current spead Time |[Efficiency| Energy Used
{m) (N | (mfs) |(rad/s"2} (M) 4] (Nm) A) [steps/s) (5] 8]
0 7008 | 00 00 | 5511 A B396 | 542 | 13.35 o 299 0.075 | 0.30 464
00118 | 6374 | 79 14 | so11 A0 A 7635 | 447 | 1214 | 226 330 0068 | 030 37.7
0.0236 | 5739 5.0 19 4512 | 6B7.4 361 10.93 203 369 0.060 0.30 249
0.0354 | 5103 14 23 4012 6113 285 .72 179 417 0.053 0.30 230
0.0472 | 446.8 71 26 3512 5351 17 851 1.56 480 0.045 0.40 127
0.059 383.2 120 28 3013 4590 15.9 7.30 1.33 566 0.038 0.40 g9
Q 0.0708 | 319.7 36.1 3.0 2513 3829 109 6.09 1.10 6BB 0.030 0.40 58
bf 00826 | 256.1 9.5 31 2014 306.8 6.8 4.88 0.86 876 0.023 0.60 22
— 0.0944 | 1926 42,2 32 1514 Q 2307 36 3.67 0.63 1206 0.015 0.60 1.0
E 0.1062 | 1291 | 441 33 1015 ag 1546 14 2.46 0.40 1920 0.012 0.60 0.4
O 0118 | 655 | 45 34 | 515 gl —785 | oo | 125 | 017 2000 | 0000 | 0.60 0.0
wn 0.118 65.5 45.2 34 515 = 785 0.0 125 0.17 2000 0.000 0.60 0.0
) 0.118 65.5 45.2 34 515 ) 785 0.0 1.25 0.17 2000 0.000 0.60 0.0
0.118 65.5 45,2 £ 515 785 0.0 125 0.17 2000 0.000 0.60 00
0.118 65.5 45.2 s 515 785 0.0 125 0.17 2000 0.000 0.60 0.0
0.118 65.5 45.2 34 515 785 0.0 1.25 0.17 2000 0.000 0.60 0.0
0.118 65.5 452 34 515 7B5 0.0 1.25 0.17 2000 0.000 0.60 0.0
0.118 65.5 452 34 515 785 0.0 1.25 0.17 2000 0.000 0.60 0.0
| 0.118 65.5 452 34 515 785 0.0 1.25 017 2000 0.000 0.60 0.0
v D18 | 655 | 452 | 34 515 785 | 00 | 125 | 017 2000 | 0000 | 060 0.0
\ 0.118 65.5 452 34 515 785 0.0 1.25 0.17 2000 0.000 0.60 0.0

* as=umesangular acceleration and motor inertia are not significant
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hammer mass Ekg 170) Charging energy
gearraous LSy m bets 1.20 Uobs Lcmpressontime
drop height !I.‘I.ilm mg 78.48
compression length . p11Bm 302W Aug.charging power
Spring constant B450N/m waveform modiier 15
motor inertia & D0E-04 kgm*2
Battery energy 234Whr
battery capacity 6 Ahr B42 400Joules
bateryvolage /v _
Blows/bxterypack | 4967
Total Total Total | Stored Motor |Max. motor Drive Electricai
Distance| Force | Work |Velocity JAng. acel Force* | Energy | Torque | cumment speed Time | Efficiency |Energy Used
(m} (N] {4 (mfs} |[rad/s"2) (M) 1] [Nm) [steps/s) (s] )
0 700.9 0q 0.0 5511 8326 542 1335 | 245 222 0.101 0.30 468
0.0118 | 637.4 7.9 14 5011 763.5 447 1214 2.26 246 0.0 0.30 380
0.0236 | 573.9 15.0 19 4512 687.4 36.1 10.93 2.03 174 0.(81 0.30 302
0.0354 | 5103 214 23 4012 6113 285 872 179 310 o.M 0.30 232
0.0472 | 4468 27.1 26 3512 535.1 217 8.51 156 357 0.061 0.40 125
0.059 383.2 32.0 28 3013 4530 1549 7.30 133 420 0.051 0.40 5.0
Q 0.0708 319.7 36.1 3.0 2513 3829 109 6.09 110 510 0.041 0.40 59
by 00826 | 2561 3g.5 3.1 2014 306.8 68 4,88 0.86 648 0.031 0.60 18]
| (p0o44 | 1926 422 3.2 1514 Q 2307 36 3.67 0.63 890 0.021 0.60 1.0
E 0.1062 | 1291 44.1 33 1015 g 1546 14 .46 0.40 1416 0.014 0.60 04
C)| 0118 | 655 [ 453 | 34 515 E 785 0.0 125 | 017 2000 0.000 0.60 0.0
w 0.118 B5.5 452 34 515 = 785 0.0 135 0.17 2000 0.000 0.60 0.0
G 0.118 65.5 452 34 515 L) 785 0.0 135 0.17 2000 0.000 0.60 0.0
0.118 B5.5 45.2 34 515 785 00 125 017 2000 0.c00 0.60 0.0
0.118 65.5 452 34 515 785 00 1.25 017 2000 0.000 0.60 0.0
0.118 B5.5 4512 34 515 785 00 125 0.17 2000 0.000 0.60 0.0
0.118 B5.5 4532 34 515 785 00 125 017 2000 0.000 0.60 0.0
0.118 B5.5 452 34 515 785 00 125 017 2000 0.000 0.60 0.0
0.118 B5.5 452 34 515 785 00 125 017 2000 0.000 0.60 00
7 o118 | 655 | 452 34 515 785 | 00 125 | 017 2000 0000 | 0860 0.0
. 0.118 533 452 3.4 515 785 0.0 1.25 0.17 2000 0.000 0.60 0.0

* assumesangula scceleration and motor inertia are not significant
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hammer mass Bkg 216] Charging energy
gearradus 0.0159m Beta 1.20 0.67s Compressiontime
drop height 02m mEg TBA4E
compression length 0.105m 322W Ave. Charging Power
SRringcons@Ent B300N,/m waveform modifie 15
matar inertia 4 0DE-0dkgm”™2
Battery enagy 312Whr
battery capadty 12AhRr 1123200Joules
battery voltage 26V
impacts/battery pack 5199
Total Total Total Stored Motor |Max. motor Drive Electrical
Distance| Force Work | Velociy |Ang. acel. Force® | Energy | Torque | current speed Time | Efficiency| EnergyUsed
{mj (M} i {m/s) lirad/s"2) (M) 2 (Nm) (A {steps/s) (s il
0 7931 0.0 0.0 6235 . 950.0 614 15.10 4195 213 1.094 0.30 5785
0.0105 7204 75 14 5663 B2 8 5149 13.72 451 235 1.085 030 47.18
0.021 647.6 151 18 5091 Tis7 43.3 12.33 4.05 261 1.076 030 37.61
0.0515 5748 215 2.3 4519 688.5 35.6 10.95 3.60 295 1.067 0.30 29.13
0.012 5021 27.2 2.6 3897 B01.1 289 056 3.14 3328 2.057 00 16.30
0.0525 4293 32.1 2.8 3375 514.2 23.0 B.18 2.69 396 2.048 0.40 11.56
Q 0.063 356.6 36.2 3.0 2803 4271 181 6.79 2.23 497 3.039 0.40 763
b 00735 2B3E 396 3.1 2231 3395 140 540 178 600 3.030 0.60 3.00
- 0.0B4 2110 422 3.2 1659 ()] 2528 109 402 132 209 3021 0.60 146
E 0.0945 1383 440 33 1087 Eﬂ 1656 87 263 0.87 1235 3.015 0.60 0.64
W 0.105 B5.5 451 34 515 o TS5 75 1325 041 1500 13.013 0.60 0.34
E 0.1145 65.5 457 34 515 N e 785 6.7 1325 0.41 1500 1.013 0.60 0.34
0O 0.124 65.5 46.3 3.4 515 ) 78BS 6.0 135 041 1500 13.013 0.60 0.34
0.1335 65.5 45.9 3.4 515 78.5 52 125 041 1500 3.015 0.60 0.34
0.143 65.5 476 3.4 515 78.5 45 125 0.41 1500 3.013 0.60 0.34
0.1525 65.5 432 35 515 785 37 125 041 1500 13.013 0.60 0.34
0.162 65.5 488 35 515 785 30 1325 0.41 1500 1.013 0.60 0.34
0.1715 65.5 454 35 515 785 22 125 0.41 1500 1013 0.60 0.34
0.181 65.5 50.1 35 515 785 15 1325 0.41 1500 1013 0.60 0.34
v 0.1905 | 655 50.7 36 515 785 0.7 1.25 0.41 1500 1.013 0.60 0.34
0.2 65.5 513 3.6 515 78.5 0.0 125 0.41 1500 3013 0.60 0.34

* assumesangula accelleration and motor inertia are not significant



List of Symbols, Abbreviations, Acronyms, and Variables

CBR California bearing ratio

DCP dynamic cone penetrometer

EMF electromotive force

NEMA National Electrical Manufacturers Association
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